Our previous study found that A83-01, a small molecule type 1 TGFb receptor inhibitor, could induce proliferation of postnatal Nkx2.5
Introduction
Recent studies have reported the existence of multiple stem cell populations in the mammalian heart. 1 -7 Despite this, the rate of cardiomyocyte renewal is extremely low and declines progressively throughout life. 8 Consequently, heart failure due to myocardial injury is a major cause of morbidity and mortality in the Western world. Conceptually, it would be highly appealing to functionally repopulate the resident cardiac progenitor cells to compensate for the lost myocardium. This may also prevent adverse remodelling of the injured heart. Therefore, the availability of an effective strategy to activate endogenous cardiomyogenic cell populations for cardiac repair is highly appealing.
We have previously identified an embryonic Nkx2.5 + cell population that represents the common precursor for cardiovascular lineages in the developing heart. 9,10 Using transgenic Nkx2.5 cardiac enhancer-eGFP mice (Nkx2.5-GFP) to label Nkx2.5 + cardiomyoblasts in the postnatal heart, we showed recently that a population of postnatal cardiac cells that express GFP from the Nkx2.5 cardiac enhancer can proliferate in vitro in response to treatment by A83-01, a pharmacological inhibitor of type I TGFb receptor (TGFbRI). 11 Furthermore, this compound inhibited smooth muscle cell differentiation of Nkx2.5 + cardiomyoblasts while stimulating their differentiation into cardiomyocytes.
Signalling by the TGFb superfamily occurs via formation of heteromeric complexes consisting of two type II receptors (TGFbRIIs) and two TGFbRIs. 12 -14 The TGFbRII receptors have been shown to phosphorylate the TGFbRI, resulting in the activation of both Smad-dependent and Smad-independent signalling. 15 -19 TGFbRIs, referred to as activin receptor-like kinase 5 (ALK5), transduce TGFb signals to intracellular regulators of transcription known as Smad proteins. 15, 16, 20 Of the known ALK receptors, ALK1-7 have been identified in mammals 21, 22 and A83-01 has been shown to inhibit ALK4,5,7 receptors. 23 Given our previous demonstration of the role of A83-01 on postnatal Nkx2.5 cardiomyoblasts in vitro, 11 we speculate that the treatment of hearts with A83-01 following injury may activate resident Nkx2.5 + cardiomyoblasts and promote their ability to repair an injured heart. Indeed, recent studies have demonstrated the ability of neonatal heart to regenerate after experimentally induced injury, 24 and Nkx2.5 + cardiomyoblasts may participate in this process. 9 In this study, we found that A83-01 treatment leads to an expansion of Nkx2.5 + cardiomyoblasts in both injured and uninjured hearts. By prospective lineage tracing using inducible Nkx2.5 cardiac enhancer-Cre transgenic mice, we show that A83-01 treatment gives rise to a two-to three-fold increase in new cardiomyocyte formation compared with DMSO treatment. Furthermore, we found that the A83-01-mediated increase in new cardiomyocyte formation directly correlates with cardiac functional improvement. Altogether, our data support the role of TGFb receptor inhibition to enhance cardiac regeneration and improve cardiac function after myocardial infarction (MI).
Methods

Chemical reagents
A83-01 (a small molecule ALK4,5,7 inhibitor) was purchased from Stemgent, Inc. (Cambridge, MA, USA) and recombinant human TGFb1 was purchased from R&D Systems, Inc. (Minneapolis, MN, USA).
Animals
Nkx2.5 enhancer-eGFP transgenic mice (abbreviated as Nkx2.5-GFP) 10 were used at 8 -10 weeks of age for the in vivo quantification and isolation and at 2 -3 weeks of age for in vitro culturing of cardiac Nkx2.5 + cardiomyoblasts. For genetic fate mapping of Nkx2.5 enhancer-lineage cells in the postnatal hearts, the doxycycline-regulated Nkx2.5 enhancer-Cre/eGFP mice (abbreviated as Nkx2.5 enh-Cre) were crossed with ROSA26-mTmG reporter mice (Jackson Laboratory, USA). The ROSA26-mTmG mouse contains membrane-targeted tdTomato (mT) cassette in the ROSA26 locus and expresses strong red fluorescence in all tissues and cell types at baseline. When the ROSA26-mTmG mouse is interbred with the Nkx2.5 enhancer-Cre mice, Cre recombinase is expressed in Nkx2.5 + cardiomyoblasts leading to excision of the floxed mT cassette, thereby converting the expression of tdTomato to GFP in Nkx2.5 enhancer-Cre expressing cells and their descendants. The pregnant females and all descendants were treated with doxycycline (1 mg/mL in drinking water) from conception until 1 week before drug treatment to prevent embryonic labelling of Nkx2.5 + cardiomyoblasts during early embryonic development. Nkx2.5
enh-Cre/mTmG mice at 8-10 weeks of age were used for testing drug effect. After mice were treated with DMSO (1 mL/kg, i.p.) or A83-01 (10 mg/kg, i.p.) for 7 days, mice were sacrificed by CO 2 -induced euthanasia and the hearts were harvested and then embedded in optimal cutting temperature (OCT) for frozen sections (8 mm per section). The frozen sections were first blocked with donkey anti-mouse IgG antibody (1 : 40) overnight at 48C. The cells expressing GFP were identified by primary antibody against GFP (rabbit polyclone, Thermo Fisher Scientific, Inc., IL, USA) subsequently labelled with the Alexa Fluor 488-conjugated secondary antibody. GFP + cells were further stained by primary antibodies against sarcomeric actinin-a (SA-a; mouse monoclonal, Sigma-Aldrich Co. LLC, St Louis, MO, USA) or against smooth muscle actin-a (mouse monoclonal, Sigma-Aldrich Co. LLC) to clarify whether they were cardiomyocytes or smooth muscle cells, respectively. Allophycocyanin-conjugated secondary antibody against mouse IgG was subsequently used to label the target cells. Nuclei were counterstained by 4 ′ ,6-diamino-2-phenylindole (DAPI). Immunostaining was performed in six frozen sections with the intramyocardial distance of 80 mm among them in each heart and three different hearts in each group (DMSO vs. A83-01). The images of myocytes or smooth muscle cells expressing GFP with DAPI-counterstained nucleus were scanned by the TissueFAXS system (TissueGnostics GmbH, Vienna, Austria) via ×20 lens mounted on Zeiss Axio Imager Z2 microscopy (Zeiss, Oberkochen, Germany). The number of the cells expressing both GFP and SA-a/or smooth muscle actin-a was analysed by TissueQuest (TissueGnostics GmbH). Nuclear DAPI was defined as the master channel to identify all measure events. By comparing negative vs. positive controls, cut-off values can be defined and the percentages of positive/negative populations are computed. Comparison of the mean relative intensity of a particular object to an appropriate negative control allows determining the level of specificity. The percentages of co-expression are computed. The fluorescent images of GFP + cells expressing SA-a/or smooth muscle actin-a were further confirmed by confocal microscopy (TCS SP5, Leica Microsystem K.K., Tokyo, Japan 
Murine model of myocardial infarction
Adult mice at age of 8 weeks were anaesthetized by 1% isoflurane inhalation via intratracheal intubation and were received buprenorphine (0.1 mg/kg) by subcutaneous injection for analgesia. Subsequently, midline thoracotomy followed by left coronary artery (LAD) ligation was performed with a 7-0 polyethylene suture to induce MI. The induction of myocardial ischaemia was confirmed by the appearance of blanching and dyskinesia in the left ventricular (LV) apex. Following the procedure, mice were extubated and recovered under a warming lamp until they have regained normal activity. For postoperative analgesia, buprenorphine (0.1 mg/kg) was applied once daily for 3 days post-surgery. Two days later after LAD ligation surgery, the post-MI mice were randomized into either the DMSO-or A83-01-treated groups in a blinded fashion. After cardiac functional evaluation and immunostaining have been performed, the samples were unblinded for final statistical analysis.
Cell culture
Nkx2.5 + cardiomyoblasts were isolated from the hearts of 2-to 3-week-old postnatal Nkx2.5-GFP transgenic mice (sacrificed by CO 2 -induced euthanasia) by enzymatic digestion with collagenase A/B combination (Roche Diagnostics GmbH, Mannheim, Germany) in PBS supplemented with HEPES 10 mM and 20% FBS at 378 C for 30 min, and were sorted by fluorescence-activated cell sorting (FACS). Cardiomyocytes for co-culture assays were isolated from embryonic day 9.5 (E9.5) embryos with the same enzymatic protocol. Cardiomyocytes were co-cultured with Nkx2.5 + cardiomyoblasts in the ratio of 1 : 3 (cardiomyocyte : GFP + cells), and total of 1.2 × 10 5 cells were seeded in a six-well plate (Fisher Scientific) coated with 0.1% gelatine. The culture medium included an IMDM-based medium containing 20% FBS, 1% penicillin/streptomycin, 2 mM L-glutamine, 1% ascorbic acid, and 149.5 mM monothioglycerol.
Flow cytometry and FACS
Single cell suspension from the Nkx2.5-GFP mouse heart was washed and re-suspended in PBS, and passed through a 45 mm filter before they were added with propidium iodide for live cell gating. The percentage of GFP + cardiomyoblasts in non-myocyte fraction within the heart was quantified A83-01 improves Nkx2.5 cardiomyoblast-mediated regeneration by flow cytometry (FACSCalibur or FACSAria II, Beckton Dickinson, San Jose, CA, USA; see Supplementary material online, Figure S1 ). Nkx2.5 + cardiomyoblasts were sorted by FACSAria II (Beckton Dickinson) for in vitro culturing or RT-qPCR after RNA extraction.
Immunocytochemistry
For immunostaining of culture cells, cells were fixed with 4% paraformaldehyde for 10 min at room temperature, and then washed with PBS. Cells were then incubated in PBS containing 0.25% Triton X-100 for 10 min, then in 1% BSA containing PBST (Tween 20 0.1% in PBS) for another 1 h. Primary antibodies were diluted as recommended by manufacturer in 1% BSA-and 0.3 M glycine-containing PBST. Cells were incubated overnight at 48C with primary antibodies against a-smooth muscle actin (mouse monoclonal, Sigma-Aldrich Co. LLC), cardiac troponin T (TnT; rabbit polyclonal, NeoMarkers, Fremont, CA, USA), and smooth muscle myosin heavy chain (rabbit polyclonal, Biomedical Technologies, Inc., Stoughton, MA, USA). After two washes with PBS, fluorochrome-conjugated secondary antibodies (e.g. anti-rabbit Alexa Fluor 594 and anti-mouse Alexa Fluor 488; Molecular Probes, Invitrogen) matching to the species and subclasses of the primary antibodies were used for detection. Nuclei of the cells were counterstained with DAPI (Invitrogen Ltd, Carlsbad, CA, USA). IF images were captured by a Leica DM4000 fluorescence microscope.
Real-time quantitative PCR analysis
Total RNA was immediately extracted from FACS-purified Nkx2.5-GFP + cells using TRIzol (Invitrogen Ltd) and subsequently purified by the RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). Following cDNA synthesis, the relative expression levels of genes of interest were quantitated by real-time PCR.
RNAi-mediated silencing of TGFb receptor ALK5
RNAi-mediated silencing of ALK5 expression in Nkx2.5 + cardiomyoblasts was performed by introducing lentiviral shRNA (GE Healthcare Dharmacon, Inc., Buckinghamshire, UK) targeting ALK5 into FACS-purified GFP + cells from the hearts of neonatal Nkx2.5-GFP mice. The GIPZ-ALK5-shRNA was prepared using the Trans-Lentiviral GIPZ Packaging system and introduced into Nkx2.5 + cardiomyoblasts at an optimal multiplicity of infections of 1.
Analysis of intracardiac haemodynamic parameters
Mice were anaesthetized by isoflurane inhalation (1 -2%) and the right carotid artery was cannulated with a 1.2 F admittance pressure-volume catheter, which was then advanced into the ascending aorta and then left ventricle under pressure monitor. The LV pressure and volume relationship in post-MI mice was then measured using the ADVantage system (Scisense Instruments, ON, Canada). The signals of LV pressure and volume were continuously recorded at a sampling rate of 1000/s using the LabScribe2 data recording system (iWorx Systems, Inc.). Contractility was quantified by Ees [the slope of the end-systolic pressure and volume relation (ESPVR)], stiffness [the slope of the end-diastolic pressure and volume (EDPVR)], and preload-recruitable stroke work (PRSW). Ees gives insights into the dynamic behaviour of the ventricle, and PRSW is a load-independent characteristic of ventricular contractile performance in vivo.
Histological analysis of cardiac sections
After cardiac haemodynamic analyses, mice were euthanized by CO 2 , and the hearts were removed. The excised hearts were incubated in sucrose gradient from 10 to 30% in cold PBS buffer until sedimentation. The hearts were then embedded in medium of OCT and stored at 2808C for frozen sections and Masson's trichrome staining to quantify the degree of fibrosis (blue area) by Image J.
BrdU analysis of post-MI hearts
For BrdU pulse chase labelling of post-MI mice hearts, 12 mice underwent left coronary ligation followed by randomization to either DMSO (n ¼ 6) or A83-01 (n ¼ 6) injections daily during Days 3 -10 after MI. To assess whether the blockade of TGFb signalling can lead to expansion of postnatal Nkx2.5 + cardiomyoblasts in vivo, we treated 8-week-old Nkx2.5-GFP mice with A83-01 (2 and 10 mg/kg/day) or DMSO (0.1%) by daily intraperitoneal injections for 7 days ( Figure 1A ). Untreated control mice were also studied in parallel. On Day 8, A83-01 and DMSOtreated hearts along with untreated hearts were harvested and enzymatically digested to deplete cardiomyocytes and quantitate the abundance of Nkx2.5 + cardiomyoblasts (Nkx2.5-GFP + cells) within the heart. We found that cardiac GFP + cardiomyoblasts represented 0.019 + 0.012% of non-myocytes in adult mice in the absence of treatment and 0.029 + 0.014% in the DMSO-injected group ( Figure 1B) . Interestingly, treatment with A83-01 at 2 mg/kg increased GFP + cells in a dose-dependent fashion to 0.34 + 0.13% of non-myocytes (n ¼ 4, P , 0.05 vs. DMSO group) and 11.82 + 1.64% of non-myocytes (n ¼ 4, P , 0.05 vs. DMSO group) at 10 mg/kg, respectively ( Figure 1B) . To characterize further Nkx2.5 + cardiomyoblasts, we pulse-labelled FACS-purified GFP + cells with BrdU and found an increase in BrdU uptake in A83-01-treated cells compared with DMSO-treated control (see Supplementary material online, Figure S2 ). In addition, we obtained total RNA from freshly isolated Nkx2.5 + cardiomyoblasts from in vivo A83-01-or DMSO-treated Nkx2.5-GFP mice for RT-qPCR analysis of cardiomyogenic gene expression. As shown in Figure 1C , the expression of cardiac TnT, cardiac myosin light chain 2 (MLC-2v), and Gata4 were markedly increased, whereas the expression of smooth muscle myosin heavy chain (Myh11) was decreased in the A83-01-treated group. Furthermore, we performed a genome-wide transcriptional analysis on Nkx2.5 + cardiomyoblasts with and without A83-01 treatment to examine the genes that are differentially-expressed in the absence of TGFb signalling (see Supplementary material online, Figure S3 and S4 (Figure 2A ) or ALK5-shRNA ( Figure 2B ) resulted in a similar degree of increase in cardiomyogenic differentiation as measured by the expression of cardiac TnT and Gata4. This suggests that the blockade of ALK5 signalling is the primary mechanism for the effect of A83-01 on Nkx2.5 + cardiomyoblast differentiation. Of note, there was no significant difference between DMSO-treated and mediumtreated (Control) groups, and that the inhibitory effect of TGFb1 treatment on cardiomyogenic differentiation (as measured by Gata4 and TnT expression) in Nkx2.5 cardiomyoblasts appears to be blunted. This A83-01 improves Nkx2.5 cardiomyoblast-mediated regeneration reduced TGFb1 inhibitory effect may be due to the existence of basal TGFb1 signalling effects in these cells from TGFb1 in the serum/ media. Hence, the treatment of Nkx2.5 cardiomyoblasts with A83-01 or ALK5-targeted RNAi resulted in a greater change in Gata4 and TnT expression than additional treatment with TGFb1 (Figure 2A and C ).
3.3 Cardiomyogenic differentiation of postnatal Nkx2.5 1 cardiomyoblasts is enhanced by A83-01 treatment in an embryonic cardiomyocyte co-culture
We have previously shown that neonatal Nkx2.5
+ cardiomyoblast differentiation in vitro into beating cardiomyocytes requires the presence of embryonic cardiomyocytes in a co-culture. 11 We asked whether A83-01 treatment can enhance cardiomyogenic differentiation of postnatal Nkx2.5 + cardiomyoblasts into striated cardiomyocytes in this co-culture assay. We first purified neonatal Nkx2.5-GFP + cardiomyoblasts by FACS and then labelled these cells permanently with a lentiviral-turbo-GFP marker to distinguish these cells from the unlabelled embryonic cardiomyocytes because the expression of GFP driven by the Nkx2.5-enhancer diminishes during cardiomyocyte maturation. 10 These turbo-GFP + cells were then incubated with embryonic day 9.5 (e9.5) cardiomyocytes in the presence of either A83-01 or DMSO ( Figure 3A) . After 8 days of co-culture, the cell mixture was enzymatically dispersed into single cells and re-plated onto gelatincoated glass slides. IF staining shows that the treatment with A83-01 resulted in an increase in GFP + TnT + cells that exhibit striation ( Figure 3B ), whereas treatment with DMSO led to fewer GFP + TnT + cells (P , 0.05, n ¼ 3, from three independent experiment) as shown in Figure 3C . There was no significant difference in the percentage of GFP + TnT + cells between DMSO (0.002 + 0.001%, n ¼ 3, from three independent experiment) and media-only treated (Control) groups (0.002 + 0.001%, n ¼ 3, from three independent experiment, P . 0.05 vs. DMSO; Figure 3C ). With DMSO treatment, a notable number of GFP + cardiomyoblasts could become smooth muscle myosin heavey chain (smMHC) ( Figure 3D , upper panel), whereas treatment with A83-01 reduced the number of GFP + smMHC + cells (P , 0.05, n ¼ 3, from three independent experiment, as shown in Figure 3E ). 3.4 Genetic fate mapping of Nkx2.5
cardiomyoblasts after A83-0treatment
To determine whether A83-01 treatment can increase in vivo cardiomyogenesis by Nkx2.5 + cardiomyoblasts, we interbred previously described doxycycline-suppressible Nkx2.5 cardiac enhancer-Cre mice (Nkx2.5 enh-Cre) and ROSA26-mTmG reporter mice to generate double-transgenic Nkx2.5 enh-Cre/ROSA26-mTmG mice that can lineage trace Nkx2.5 + cardiomyoblasts and their progeny in a doxycycline-regulated fashion. We first treated the pregnant females and all descendants with doxycycline (1 mg/mL in drinking water) from conception until 1 week before A83-01 treatment to prevent embryonic labelling of Nkx2.5 + cardiomyoblasts during early development.
We then stopped doxycycline treatment at 1 week before drug treatment to allow Nkx2.5 + cardiomyoblasts labelling in the postnatal heart. This was followed by treatment with either DMSO (1 mL/kg, daily, ip, n ¼ 3) or A83-01 (10 mg/kg, daily, ip, n ¼ 3) for 7 days. At 7 days after the final injection, hearts were then harvested for frozen sectioning and IF analysis. We found that there is no significant difference in the ratio of heart weight over body weight between DMSO-treated (5.75 + 0.06 mg/g, n ¼ 3) and A83-01-treated (5.87 + 0.17 mg/g, n ¼ 3) groups (P . 0.1). Interestingly, we found that A83-01 treatment compared with DMSO treatment resulted in an approximately two-fold increase in the number of double GFP + /SA-a + cells (Figure 4A-C ) .
This was assessed quantitatively by measuring the percentage of double GFP + /SA-a + cells within the total nuclei counted from six sections in each heart. Interestingly, little to no double GFP + /SMA-a + smooth muscle cell was observed in 36 cardiac sections from 6 hearts, suggesting a low baseline capacity for smooth muscle differentiation in vivo ( Figure 4D ).
A83-01 treatment following MI results in the expansion of Nkx2.5 1 cardiomyoblasts
Given the ability of A83-01 to induce proliferation in Nkx2.5 + cardiomyoblasts in an uninjured postnatal heart (Figure 1) , we asked whether A83-01 treatment could also expand Nkx2.5 + cardiomyoblasts following experimental MI. We performed LAD ligation in 8-week-old Nkx2.5-GFP transgenic mice to induce MI and then administered A83-01 or DMSO once daily for 7 days ( Figure 5A) . The hearts were then harvested and enzymatically dispersed into single cell suspension for quantification of Nkx2.5 + cardiomyoblast population via flow cytometry. In normal age-matched mice, the percentage of cardiac Nkx2.5 
Treatment with A83-01 improves cardiac function after MI
Since A83-01 treatment led to an expansion of Nkx2.5 + cardiomyoblasts in postnatal hearts ( Figure 5B ) and enhanced their cardiomyogenic differentiation ( Figures 2B and 4C) , we postulate that the treatment of hearts with A83-01 after MI may lead to improvement in cardiac function. To examine this, wild-type mice underwent left coronary ligation and were assigned randomly to either DMSO (1 mL/kg, n ¼ 4) or A83-01 treatment (10 mg/kg, n ¼ 4) for 7 days via daily intraperitoneal injection. Their LV pressure-volume relationship was examined by catheter-based physiological examination. We confirmed that both DMSO-and A83-01-treated hearts show evidence of massive infarction and fibrosis using Masson's trichrome staining ( Figure 6A) . Interestingly, the overall myocardial area in A83-01-treated hearts was 26.7% larger than that in the DMSO-treated group (390 517 + 10 166 vs. 307 726 + 13 099 pixels, P , 0.05, n ¼ 4; Figure 6A and B).
To determine whether the increase in myocyte area correlated with an improvement in cardiac haemodynamic parameters, we measured the pressure-volume loops during a brief duration of abdominal inferior vena cava occlusion and plotted the regression curves for ESPVR and EDPVR. The cardiac haemodynamic properties of DMSO-treated mice exhibited a significant decrease in the maximum and minimum rate of change in LV pressure (dP/dt) (i.e. contractility) after MI. On the other hand, the contractile function was better preserved in the A83-01-treated mice ( Figure 6B ). Figure 6C shows that ventricular elastance (Es, the slope of ESPVR) and PRSW were significantly increased in the A83-01-treated group without any change in ventricular stiffness (the slope of EDPVR). While there was a trend towards increased stroke volume, cardiac output, and stroke work in A83-01-treated animals, these did not reach statistical significance ( Table 1) . + cardiomyoblasts. A83-01 (10 mg/kg, i.p.) or DMSO was then administrated daily for 7 days. At 7 days after the last drug injection, each mouse heart was harvested for frozen section and fluorescence imaging. Nuclei were counterstained with DAPI. Cardiomyocytes were stained by primary antibody against SA-a and Allophycocyanin (APC)-conjugated secondary antibody. Cells expressing GFP were resolved by antibody against GFP with Alexa 488-conjugated secondary antibody. The whole heart images of the fluorescence signals including DAPI, GFP, and APC were respectively scanned via ×20 objective lens under the control of TissueFAXS system, and then re-built the whole heart pictures for further analysis by TissueQuest. The representative superimposed fluorescent images of DAPI and GFP signals from (A) DMSO-treated and (B) A83-01-treated mouse heart are shown. The magnified pictures in the white box were acquired by confocal microscopy with the magnification lens of ×40 or ×100× to confirm that these cells are derived from GFP + Nkx2. 
A83-01 treatment increases BrdU
Discussion
The present study explored the effect of A83-01 treatment on Nkx2.5 + cardiomyoblast proliferation and expansion in vivo and their ability to improve cardiac contractility. We found that A83-01 treatment resulted in a significant expansion of Nkx2.5 + cardiomyoblasts in the postnatal heart and formed new cardiomyocytes that ultimately improved cardiac function. We also confirmed the ability of TGFb1 to induce smooth muscle cell differentiation by Nkx2.5 + cardiomyoblasts in vitro and participate in the post-infarct remodelling by promoting cardiac fibrosis. 25, 26 We anticipate that pharmacological modulation of Nkx2.5 + cardiomyoblasts may help improve cardiac function after MI and may be clinically useful in the setting of ischaemic cardiomyopathy. We showed previously that TGFb1 treatment promoted Nkx2.5 + cardiomyoblasts to undergo smooth muscle cell differentiation in vitro as evident by the increased expression of smooth muscle myosin heavy chain. On the other hand, the addition of A83-01 to TGFb1-treated cells inhibited smooth muscle cell differentiation and increased cell proliferation. 11 Here, we demonstrate that A83-01 treatment to FACS-purified Nkx2.5 + cardiomyoblasts enhanced their differentiation into cardiomyocytes in the absence of cell fusion with co-cultured cardiomyocytes.
The results from the genetic fate mapping studies using Nkx2.5 enh-Cre/mTmG mice and post-MI hearts with Masson's trichrome staining showed that A83-01 treatment led to an increase in overall cardiomyocyte area. This finding was further supported by studies in the injured heart where A83-01 was found to significantly increase the population of Nkx2.5 + cardiomyoblasts. However, it should be recognized that the cell cycle rate found in the infarcted heart is too low to account for the difference in the overall architecture and function in the A83-01-treated animals. Despite finding an increase in new cardiomyocytes derived from our lineage-labelled Nkx2.5 + cardiomyoblasts in the Nkx2.5
enh-Cre/ROSA25-mTmG mice, this amount remains quite low and the data from our lineage tracing studies alone cannot distinguish between the direct effects of A83-01 on cardiomyoblast proliferation and subsequent cardiomyogenic differentiation in vivo from its indirect effects on other non-myocytes (e.g. smooth muscle cell and endothelial cells) that supports cardiomyocyte survival or expansion. It is likely that effects from A83-01 on cells other than Nkx2.5 cardiomyoblasts are responsible for a significant portion of the overall improvement in cardiac function, given the recent finding that very low contribution of new cardiomyocyte in the adult heart comes from non-cardiomyocytes. 27 Nevertheless, we believe that the increase in the percentage of GFP + cardiomyoblasts should play at least a contributory role in myocardial repair process. The finding that modulation of TGFb signalling pathway with an ALK4,5,7 inhibitor can increase cardiomyogenesis raises interesting questions regarding the mechanism of this effect. TGFb expression is rapidly up-regulated during early stages of MI and pressure-overload 25,26,28 -34 and in patients with dilated or hypertrophic cardiomyopathy. 25, 26 In the infarcted heart, TGFb deactivates inflammatory macrophages while Table 1) . These results raise the prospect that modulation of TGFb signalling may represent a novel therapeutic strategy for endogenous repair and regeneration of the infarcted myocardium. In Nkx2.5 + cardiomyoblasts, A83-01 treatment appears to up-regulate FIGFR2, cell cycle genes (CDC42 and CCNE2), and trophic factors (FIGF and Birc5), and to down-regulate signalling molecules along the Wnt (Fzd6 and WISP1) and TGFb1 (TGFb1, SMURF1) pathways (see Supplementary material online, Figures S3 and  S4 ). These changes may be responsible for the proliferative effects of A83-01 on Nkx2.5 + cardiomyoblasts. To further understand the mechanism of cardiac functional improvement with A83-01 treatment, we examined the effect of ALK receptor silencing on cardiomyogenic differentiation as measured by cardiac TnT and Gata4 expression in vitro ( Figure 2 ) and Smad phosphorylation in vitro and in vivo (see Supplementary material online, Figures S5 -S7 ). Our results showed that ALK5 receptor inhibition promoted cardiomyocyte differentiation of Nkx2.5 cardiomyoblasts which, interestingly, correlated with the result from in vivo treatment of mouse hearts with A83-01, where it lead to expansion of Nkx2.5 + cardiomyoblasts and their cardiomyocyte differentiation based on our in vivo genetic fate mapping studies ( Figure 4) . It is worth noting that TGFb1 treatment has been described to increase Gata4 expression in colon cancer cells and promote cardiomyocyte differentiation (as measured by increased Gata4 expression) by increasing mesodermal induction. 35, 36 This apparent paradox with our data showing that inhibition instead of stimulation of ALK5 receptor leads to greater Gata4 expression is most likely due to the context-dependent effect of TGFb1 signalling on cells. 35, 37 These findings support the notion that ALK receptor inhibition with A83-01 could promote the cardiomyogenic differentiation of cardiac Nkx2.5-GFP + cells.
In conclusion, we found a remarkable ability for A83-01, an inhibitor of ALK receptors, to expand postnatal Nkx2.5
+ cardiomyoblasts and promote their cardiomyogenic differentiation in adult mice. In postinfarct hearts, A83-01 may also reduce adverse cardiac remodelling by increasing the number of functional cardiomyocytes in situ. These data support a role for pharmacological inhibition of TGFb signalling as a treatment strategy for post-MI heart failure in the future.
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